The accumulation of quinolones by Escherichia coli JF568, Pseudomonas aeruginosa PAO1, and Staphylococcus aureus ATCC 29213 was measured by a modified fluorometric assay (J. S. Chapman and N. H. Georgopapadakou, Antimicrob. Agents Chemother. 33:27-29, 1989). The quinolones examined were fleroxacin, pefloxacin, norfloxacin, difloxacin, A56620, ciprofloxacin, ofloxacin, and Ro 09-1168. In all three organisms, uptake was complete in less than 5 min and was proportional to extracellular quinolone concentrations between 2 and 50 ;ag/ml, which is consistent with simple diffusion. Washing cells with quinolone-free buffer decreased accumulation by up Fluoroquinolones are synthetic antibacterial agents with marked bactericidal activities, broad antibacterial spectra, and favorable pharmacokinetics after oral or parenteral administration (25, 36, 44, 48) . Their molecular target is DNA gyrase, a unique and essential bacterial enzyme that catalyzes the negative supercoiling (unwinding) of doublestranded DNA and the decatenation of chromosomes after replication (15, 17-19, 23, 24). Quinolones thus interfere with a variety of processes involving DNA, such as replication, chromosomal segregation, transcription, and recombination.
Fluoroquinolones are synthetic antibacterial agents with marked bactericidal activities, broad antibacterial spectra, and favorable pharmacokinetics after oral or parenteral administration (25, 36, 44, 48) . Their molecular target is DNA gyrase, a unique and essential bacterial enzyme that catalyzes the negative supercoiling (unwinding) of doublestranded DNA and the decatenation of chromosomes after replication (15, 17-19, 23, 24) . Quinolones thus interfere with a variety of processes involving DNA, such as replication, chromosomal segregation, transcription, and recombination.
The ability of quinolones to enter bacterial cells is a factor contributing to their antibacterial potency (4, 41) . Both the outer and cytoplasmic membranes are involved; alterations in either or both are associated with decreased quinolone accumulation and low-level resistance (2, 5-7, 10, 43, 47) . In enterobacteria, quinolones diffuse across the outer membrane through the porin channels (13, 21, 26, 27, 37) and the phospholipid layer after disrupting the lipopolysaccharide (LPS) (8, 20) . In Pseudomonas aeruginosa, they diffuse through the D2 protein in the outer membrane and probably through the phospholipid bilayer similarly to enterobacteria (12, 16, 22, 31, 33, 49) . The cytoplasmic membrane is less of a barrier for quinolones, which enter by simple diffusion (2, 5, 26) . However, quinolone accumulation is reduced by an active efflux system which is especially prominent in quinolone-resistant strains (11, 29, 51) . Nevertheless, permeability plays a secondary role in quinolone susceptibility and resistance, in sharp contrast to the situation with ,B-lactam antibiotics (37) .
In this study, we have examined the accumulation of several quinolones in Escherichia coli, P. aeruginosa, and Staphylococcus aureus by using a modification of a previously described fluorometric assay (9) . The three organisms were chosen as major gram-negative and gram-positive human pathogens; the latter two have recently acquired * Corresponding author. additional significance because of the rapid emergence of quinolone-resistant strains (47) .
(This work was presented in part at the 91st General Meeting of the American Society for Microbiology [40] .)
MATERIALS AND METHODS
Bacterial strains and growth conditions. The E. coli K-12 strains JF568 (39) and TE18 (38) (8, 20) . Quinolone concentrations were determined by quinolone absorbance values at the excitation maximum (Table 1) . Uptake studies. Quinolone accumulation in bacterial cells was assayed by the fluorometric method of Chapman and Georgopapadakou (9) , with the following modifications. After incubation with quinolone, cells were pelleted in a water-cooled Savant centrifuge (1 min at 5,000 rpm) without prior addition of 1.5 ml of buffer. They were then washed with 2 ml of quinolone-free buffer at 4°C instead of at room temperature. These modifications increased cellular retention of quinolones by bacteria (29, 31a, 35 Determination of intracellular volume. Intracellular volume was determined from the distribution of water and inulin in the cell pellet (1, 45) . Inulin cannot penetrate the outer membrane because of its size and thus serves as a convenient extracellular marker. Cells were grown as for quinolone uptake and suspended in 50 mM sodium phosphate buffer (pH 7.0) to an optical density at 660 nm (OD660) of 20. Aliquots (0.5 ml) were removed and incubated at 37°C for 10 min, 3H20 and [14C]inulin were added (final concentrations, 10 and 2 ,uCi/ml, respectively), and the incubation was continued for another 10 min. The cell suspensions were centrifuged at 5,000 rpm (Savant centrifuge) for 1 min, the supernatant was removed carefully, and the pellet was resuspended in 100 ,ul of buffer. Aliquots (50 ,ul) Cell parameters. In an effort to measure the intracellular concentrations of quinolones, the percentage of wet cell pellet representing intracellular volume was determined under assay conditions for quinolone uptake ( Table 2) . Different cell parameters (cell number, wet weight, dry weight, and protein content) were also correlated with OD660 so that quinolone accumulation values obtained for E. coli, S. aureus, and P. aenrginosa could be directly compared with those reported in the literature.
Quinolone uptake. The concentrations of quinolones accumulated by the three organisms at 37°C over a 30-min time course are shown in Fig. 1 . Maximum levels of most quinolones were reached in less than 5 min. Accumulation was proportional to the external quinolone concentration between 2 and 50 ,ug/ml (data not shown), confirming published reports that uptake occurs by simple diffusion (3, 29, 46 ). Subsequently, a 10-,ug/ml quinolone concentration was used throughout the study. Quinolone accumulation in unwashed cells of the three organisms varied between 150 and 300 ng/mg (dry weight) of cells at the 10-,ug/ml extracellular quinolone concentration (Fig. 1) . This corresponds to a 5-to 10-fold intracellular accumulation. Quinolone accumulation was significantly lower in washed cells of E. coli and P. aenrginosa, though it remained relatively unchanged in washed cells of S. aureus.
Blocking energy production by the uncouplers DNP and CCCP appeared to increase quinolone accumulation significantly in E. coli and P. aeruginosa but only slightly in S. aureus (Fig. 2) . In previous studies we were unable to show any effect of DNP on fleroxacin accumulation by E. coli (8) . This was probably due to the extensive loss of cell-associated quinolone after the cells were washed at room temperature. In the modified assay, all steps subsequent to quinolone loading were carried out at 4°C. Similar conditions have been recently adopted by other investigators (29, 35) . Ofloxacin was more affected than the less hydrophobic fleroxacin, a situation reminiscent of that with tetracyclines (32) . Active efflux may thus be largely responsible for the loss of cell-associated quinolone by washing. DNP and CCCP have been reported to increase quinolone accumula- tion by clinical isolates of S. aureus (28, 50, 51) . The variability could be due to the different strains and media used, as has been proposed for other species (2) . In this context, it is interesting that DNP has been reported to inhibit quinolone uptake by E. coli in one study (14) and to stimulate it in another (10) . Similarly, E. coli MAL300, a strain unable to maintain a transmembrane potential at elevated temperatures (30) , showed no increased uptake of fleroxacin or ofloxacin at the restrictive temperature (31a).
Quinolone hydrophobicity was negatively associated with uptake in E. coli, especially the smooth strain ATCC 25922, except in the case of pefloxacin (Table 3 ). The association was less pronounced in the K-12 strains TE18 and JF568, which lack the long-chain O-polysaccharide component of LPS, and in P. aeruginosa PA01. In both E. coli and P. aeruginosa, norfloxacin and ciprofloxacin showed the highest accumulations. Quinolone hydrophobicity was positively associated with uptake in S. aureus, except in the case of difloxacin. Pefloxacin had the highest accumulation in this organism.
Various studies have reported quinolone accumulation per OD unit of cell suspension (3), number of cells (46) , milligram (wet weight) of cells (34) , milligram (dry weight) of cells (21) , and milligram of protein (10) . Throughout this article, quinolone accumulation is expressed in nanograms per milligram (dry weight) of cells. However, by using the appropriate conversion factors from Table 2 , quinolone accumulation can also be expressed in nanograms per mi- (Table 3 ).
In conclusion, the present work improves and extends the previously developed fluorometric assay for quinolone uptake to more quinolones and organisms. In the process, it examines the impact of efflux on concentrative uptake. Finally, the surprisingly poor fluorescence of sparfloxacin points to a major limitation of the fluorometric assay. 
